The temperature dependence of chemical erosion and chemical sputtering of amorphous hydrogenated carbon films due to exposure to hydrogen atoms (H 0 ) alone and combined exposure to argon ions and H 0 was measured in the temperature range from 110 to 950 K. The chemical erosion yield for H 0 alone is below the detection limit for temperatures below about 340 K. It increases strongly with increasing temperature, goes through a maximum around 650 to 700 K and decreases again for higher temperatures. Combined exposure to Ar + and H 0 results in substantial chemical sputtering yields in the temperature range below 340 K. In this range the yield does not depend on temperature, but it increases with energy from about 1 (eroded carbon atoms per impinging Ar + ion) to about 4 if the ion energy is increased from 50 to 800 eV. For temperatures above 340 K the measured erosion rates show the same temperature dependence as for the H 0 -only case, but they are higher than for H 0 -only. The difference between the Ar + and H 0 and the H 0 -only cases increases monotonically with increasing ion energy.
I. INTRODUCTION
Plasma-facing components in thermonuclear fusion devices have been mainly made of carbonaceous materials in the last two decades. In the present design for ITER it is also foreseen to build parts of the divertor-the strike zone-from CFC (carbon fiber composites) material [1, 2] . With this choice, erosion and redeposition of carbon accompanied by co-deposition of hydrogen isotopes is expected to be one of the dominant tritium retention mechanisms [1, 3, 4] .
The process of tritium retention in redeposited layers can roughly be separated into three steps: i) erosion, ii) transport through the boundary plasma, and iii) surface reactions of neutral carbon carrying species in remote surface areas. This article deals with the first step, the erosion process which leads to the production of volatile hydrocarbon molecules through interaction of the plasma species with carbon surfaces. The most important plasma species in this context are energetic particles (ions and neutrals) and thermal or low energetic hydrogen atoms.
From a large number of experimental studies it is well known that bombardment with hydrogen ions or the combined interaction of thermal atomic hydrogen and energetic ions leads to significantly higher sputtering yields than predicted for pure physical sputtering (see e.g. [5] or [6] and references therein). Recently, Hopf et al. [7] [8] [9] [10] systematically investigated the combined interaction of argon ions and thermal hydrogen atoms with plasma-deposited amorphous hydrogenated carbon (a-C:H) films in the low-energy region (20 * Corresponding author. Tel.: +49 89 3299 2618; fax: +49 89 3299 1504, Email address: Wolfgang.Jacob@ipp.mpg.de -800 eV). They found a significantly enhanced erosion yield compared with the sum of the individual processes -physical sputtering due to ion bombardment and chemical erosion due to hydrogen atoms. Such a synergistic effect, i.e., that the yield of the combined interaction of ions and neutrals hydrogen atoms is higher than the sum of the yields of the individual processes, has been found earlier by Vietzke et al. for the combined bombardment of graphite with Ar + (5 keV) + H 0 [11, 12] and by Davis et al. for H + (50 eV to 3 keV) + H 0 [13] . Erosion due to the combined interaction of reactive neutrals and energetic ions was named chemical sputtering [5, [7] [8] [9] [10] .
A key signature of chemical sputtering is the temperature dependence of the sputtering yield [5] . Despite the large number of investigations for chemical erosion and chemical sputtering of graphite (for a review of this field see Ref. [5] ) only a few investigations were so far devoted to a-C:H films. On the other hand, a-C:H films represent a model system for the chemical sputtering of graphite by hydrogen ions and the study of such films helps to better understand the involved basic processes. The bulk of the studies devoted to a-C:H films addressed the measurement of the production yield of certain hydrocarbon species by mass spectrometry [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Although such experiments deliver very valuable information on the erosion process and the produced species, they do not necessarily determine the total erosion yield. The determination of total erosion yields, e.g., by ellipsometry [7] [8] [9] [10] , provides information complementary to the mass spectrometric studies.
Vietzke et al. [15, 16] investigated the chemical erosion of a-C:H films due to exposure to thermal atomic hydrogen and the chemical sputtering due to bombardment with hydrogen ions, measuring hydrocarbon (C x H y ) production yields by mass spectrometry. They found that the erosion yield of ther-mal hydrogen atoms for a-C:H films is much higher than for graphite and comparable to the yield for energetic hydrogen ions on graphite [15] [16] [17] [18] . The temperature dependence for the erosion of a-C:H films with atomic hydrogen is similar to that of the chemical sputtering of graphite using energetic hydrogen ions [16] [17] [18] .
The chemical erosion of thin, ion-beam deposited, amorphous hydrogenated carbon films due to exposure to a flux of thermal atomic hydrogen alone was extensively studied by Küppers and coworkers [21] [22] [23] [24] [25] [26] [27] . Based on a wealth of experimental data they devised an atomistic model for the chemical interaction of atomic hydrogen with such films and developed a rate equation system which allows to describe the experimentally observed temperature dependence [27] . We reemphasise that chemical erosion is a purely chemical, thermally activated reaction which requires no kinetic energy-beyond thermal levels-to enable the reaction. The experimental and, as a consequence, also the model results of Horn et al. [27] show qualitative agreement with the experimental results of Vietzke et al. [15, 16] . But the absolute yields of Horn et al. are about a factor of 10 lower than those of Vietzke et al. The absolute chemical erosion yield at the maximum temperature (T max ) was also determined by Schwarz-Selinger et al. [28] . The obtained value at T max = 650 K is 2 ± 0.7 × 10 −2 [28] .
Based on the model by Horn et al. [27] Roth and García-Rosales developed an analytical formula describing the chemical sputtering of graphite by hydrogen ions [29] . This formula was later revised by Roth [30] . This analytic description was developed and optimized for bombardment of graphite with energetic hydrogen ions. It is not directly applicable to erosion of a-C:H films and in particular not to the cobombardment experiments with ions and atomic hydrogen [5, [7] [8] [9] [10] .
In this article we present measurements of the temperature dependence of chemical erosion and chemical sputtering of plasma-deposited a-C:H films measured by ellipsometry. The films were exposed to a flux of atomic hydrogen alone or a combined flux of atomic hydrogen and argon ions of different energies, respectively.
II. EXPERIMENTAL
The particle-beam experiments were carried out in the MA-JESTIX device. The experimental setup is depicted in Fig. 1 and thoroughly described in [31] . In short: For the experiments described in this report the ion source and one radical beam source were used. A beam of mass filtered argon ions was produced by a commercial Colutron G2-D low-energy ion gun system [32] . One of the radical beam sources is used to generate a flux of thermal, atomic hydrogen. Film thickness changes were measured in real time by ellipsometry. Because of the strong correlation of all physical properties of the investigated hydrocarbon layers [33, 34] , the carbon density of the layers can be determined from the measured optical constants. This allows converting the film thickness change into the number of eroded carbon atoms. Since the impinging ion flux density is measured, erosion yields can be calculated from the erosion rates. The argon ion flux, j Ar , was (3.5 to 4.3) × 10 12 cm −2 s −1 . The atomic hydrogen flux, j H 0 , for all experiments presented in this article was about 1.2 × 10 15 cm −2 s −1 . It was determined using the method described in Ref. [28] . For the flux calibration the erosion rate at 650 K is measured. From the so determined erosion rate the flux is calculated assuming the published erosion yield of (2 ± 0.7) × 10 −2 [28] . The yields for the exposure to atomic hydrogen are given as number of eroded carbon atoms per impinging hydrogen atom. For the cobombardment case (Ar + H 0 ) the yields are normalized to the ion flux, i.e., they are given as number of eroded carbon atoms per impinging ion.
As samples, silicon wafers with approximately 30 nm thick a-C:H films were used. Amorphous hydrogenated carbon films were produced in the load lock of the MAJESTIX setup using an RF plasma with methane (CH 4 ) as working gas. Typical hard, diamond-like a-C:H films with a hydrogen content of H/(H+C) ≈ 0.3 (refractive index about 2, density about 2 g cm −3 ) were produced at a self bias voltage of about 300 eV [33, 34] . The sample temperature during interaction with the particle beams is measured by a thermocouple pressed to the sample surface. The uncertainty of the temperature measurement is estimated to be about ±20 K.
The in-situ ellipsometry setup was slightly improved compared to Ref. [31] . The laser for the ellipsometer was replaced by a laser with a smaller beam diameter (0.8 mm compared with 1.5 mm in the old setup) which allows measurements with better spatial resolution (2.5 mm compared with 4.5 mm in the old setup). Because the beam profile of the ion beam is relatively strongly peaked, the better spatial resolution of the ellipsometer allows a more accurate determination of the erosion rates. [17] and Horn et al. [27] are also shown. The calibration value (big cross) is taken from SchwarzSelinger et al. [28] . The associated relatively large error represents the uncertainty of the flux calibration. Fig. 2 shows the chemical erosion yield for exposure of a-C:H films to a flux of thermal hydrogen atoms as a function of sample temperature as measured by in-situ ellipsometry in MAJESTIX (solid circles). For temperatures below about 340 K the yield is below the detection limit of about 3 × 10 −4 . Above 340 K it increases strongly with increasing temperature, goes through a maximum around 650 to 700 K and decreases again for temperatures higher than 700 K.
III. RESULTS AND DISCUSSION
The maximum yield at 650 K is given by the published value of (2 ± 0.7) × 10 −2 measured by Schwarz-Selinger et al. [28] which is als shown as big cross in Fig. 2 . This value of Schwarz-Selinger et al. is used to calibrate the atomic hydrogen flux density at T max . With other words, our data are normalized relative to that data point.
The y-error bars in Fig. 2 are given by the uncertainty due to the determination of the total eroded film thickness. They represent the relative error of the measurement. This error is highest for the data point at 340 K because for this layer only a relative small thickness change was measured (see Fig. 2 ). For the data point at 800 K this contribution to the error is somewhat higher, because the optical constants of the a-C:H films change at these high temperatures. This change adds to the uncertainty in film thickness measurements. For all other data points the uncertainty due to film thickness determination are comparable to the symbol size. We emphsise that these error bars do not include the uncertainty of the calibration value.
Our data are compared to data from the literature in Fig. 2 .
Vietzke et al. [17] determined the erosion of plasma-deposited a-C:H films by atomic hydrogen by measuring the time required to erode a film of given thickness (dash-dotted line in Fig. 2 ). It should be noted here that in earlier publications of Vietzke et al. [15, 16] 4 contribute about 35% to the total erosion yield. In fact, the yields in Refs. [15, 16] are about a factor of 3 lower. The chemical erosion yields given in Ref. [17] show the same general trend and comparable position of the maximum, but the absolute values are a factor of 5 to 8 higher than our data (maximum yield at 720 K = 0.12). In this respect it has to be noted that the chemical erosion yield sensitively depends on the actual microstructure of the investigated carbon material [15, 17, 28, 35] which can lead to a variation of the order of a factor of 10 [15] . On the other hand, the data of Vietzke et al. [15] [16] [17] could be inaccurate by a factor of 5 to 10 due to a large uncertainty of the hydrogen atom flux measurement. This is hard to asses since the determination of the hydrogen atom flux was never discussed by Vietzke et al. Also shown in Fig. 2 are results of Horn et al. [27] . What is actually displayed in the figure are the model results (dashed line) of Horn et al. [27] which were fitted to the experimental data. These data, measured for ultrathin, ion-beam-deposited a-C:H films in an ultra high vacuum experiment are in reasonable agreement with our data, but give a systematically lower yield than our measurements. The uncertainty of the flux measurement and accordingly of the determined yields published by Horn et al. was mentioned to be of the order of a factor of 3 [21] . The maximum yield of Horn et al. is 0.009. The increase with increasing temperature is in excellent agreement with our data, however, there are significant deviations at high temperature. It has to be noted that measurements at high temperatures are complicated by the fact that the films start to undergo temperature induced changes, so that the detailed behaviour at high temperature can depend to a substantial extent on the temperature history of the sample and the exact experimental procedure. Figure 3a shows chemical sputtering yields for combined exposure to Ar + and H 0 . In contrast to the measurements for H 0 only, which are also shown, we find measurable yields in the temperature range below 340 K. In the range from 110 to 340 K, the yields are independent of temperature. The yields increase with increasing ion energy from about 1 (per impinging Ar + ion) at 50 eV to about 4 at 800 eV. These data are in excellent agreement with the previously measured energy dependence of chemical sputtering [7] [8] [9] [10] . It has been shown before that the yield for the chemical sputtering due to combined irradiation with argon ions and H 0 depends on the neutral-to-ion flux ratio R [8] . For the measurements shown in Fig. 3 the flux ratios are between 340 and 360. The constancy of the yield for temperatures below 340 K compares nicely with the results of E. de Juan Pardo et al. [36] . They measured the methane production yield for bombardment of pyrolytic graphite with 30 eV deuterium ions and found that the value stays constant in the temperature range from about 120 to 350 K. Ar + +H 0 ) for 100 and 800 eV ion energy (solid black bars). In contrast to a) these data are presented on a linear scale.
All experiments were performed with a constant hydrogen flux of about 1.2 × 10 15 cm −2 s −1 . Therefore, we can directly compare the measured rates for the different experiments. Because we use different normalizations of the yields for the two different cases (H 0 -only or H 0 plus ions), it is more convenient to make the following comparison for the rates. For temperatures above 340 K the rates for Ar + plus H 0 shows the same temperature dependence as for the H 0 -only case, but they are in the complete temperature range systematically higher than for H 0 only. The difference to the H 0 -only case increases monotonically with increasing ion energy. It seems that the curves for the different ion energies do not intersect, but are higher than for the H 0 -only case by a constant factor. As a first explanation for this ion-induced enhancement we could assume that the behavior at high temperatures can be explained by two contributions. The first being the energy-dependent but temperature-independent chemical sputtering observed at low temperature (i.e. below 340 K). The second contribution is the temperature-dependent yield due to H 0 only. This attempt of an explanation is illustrated in Fig. 3b . Shown is-on a linear scale-the erosion rate at 100 and 800 eV. The hatched areas represent the measured erosion rates at 340 K at the corresponding energy and the rate at T max for H 0 only, respectively. Fig. 3b shows that the measured rates for Ar + plus H 0 (black bars) are in both cases higher than the sum of these two processes, so that this simple assumption fails to explain the data. Obviously, at higher temperatures the synergistic effect is stronger than at low temperature. We interpret this as an indication that the damage produced by the ion bombardment causes an enhanced reactivity of the surface towards reaction with atomic hydrogen without influencing the activation energy. This means that the temperature dependence shows the identical analytical behaviour, but with an enhanced efficiency compared to the H 0 -only case. As a result, the curves for different ion energies are shifted with respect to the H 0 -only case by an energy-dependent factor. The experimental observations and the given interpretation are in excellent agreement with the Roth model [29, 30] . This model gives an analytical description of chemical sputtering for bombardment of graphite with hydrogen ions. Although this model can not be applied for our case it comprises the main physical and chemical interactions which are important for the interpretation of our experiments, namely damage production by energetic species and chemical reactions of atomic hydrogen with this damage. Roth and García-Rosales model the enhancement of the efficiency of the chemical erosion step by an energy-dependent factor.
IV. SUMMARY
The temperature dependence of chemical erosion and chemical sputtering of a-C:H films due to exposure to hydrogen atoms (H 0 ) alone and combined exposure to argon ions and H 0 was measured. The chemical erosion yield for H 0 alone is below 3 × 10 −4 for temperatures below about 340 K. It increases strongly with increasing temperature, goes through a maximum around 650 to 700 K and decreases again for higher temperatures. This behaviour is in general agreement with published data on the temperature dependence for this system. The quantitative agreement with the results of Horn et al. [27] is fair. Published results of Vietzke et al. [17, 18] are roughly a factor of 5 to 8 higher. This might be due to a different structure of the deposited film which was shown to have a strong influence on the measured erosion yields.
Combined exposure to Ar + and H 0 results in measurable chemical sputtering yields in the temperature range below 340 K. In this range the yield does not depend on temperature, but it increases with energy from about 1 (per impinging Ar + ion) to about 4 if the ion energy is increased from 50 to 800 eV. The energy dependence at T < 340 K is in excellent agreement with recently published data [7] [8] [9] [10] .
For temperatures above 340 K the yield shows the same temperature dependence as for the H 0 -only case, but the yields are higher than for H 0 -only. The erosion yield at these high temperatures can not be explained by the sum of the energydependent yield at room temperature and the temperaturedependent yield for the H 0 -only case. The measured yields are in fact systematically higher than this sum. The difference increases monotonically with increasing ion energy. This can be interpreted as an energy-dependent enhancement of the chemical erosion yield as has been postulated by Roth and García-Rosales [29, 30] to model the chemical sputtering of graphite at elevated temperatures.
